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Abstract Brachinite is a group of primitive achondrites
that enables investigating the evolution of asteroids not fully
differentiated in the early stage of the solar system. Kumtag
061 is a new meteorite sample collected on October 27,
2019, in Kumtag Desert, Xinjiang Province, China. The oxy-
gen isotope composition (580 =5.086%o, 570 =2.396%,
A0 = —0.298%o0) and petrologic and mineralogic analysis
suggest Kumtag 061 is a heavy-impacted brachinite (S4—
S5). The geochemical composition suggests Kumtag 061
represents a partial melting residue of the brachinite parent
body. Based on the noble gas composition, the cosmic ray
exposure age of Kumtag 061 is 60.9 +9.0 Ma. Combined
with the gas retention ages, they indicate a (series of) ther-
mal events on the parent body of brachinites before Kumtag
061 was ejected into space.
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1 Introduction

Primitive achondrites are meteorites with a near-chondritic
bulk composition with non-chondritic structure (e.g., Col-
linet and Grove 2020) and still retain the geochemical fea-
tures of their precursors (Mittlefehldt et al. 1998). Primitive
achondrites record heating events and limited melting on
their parent bodies, which may indicate partial melting with-
out full differentiation into the multilayered structure, such
as a metallic core, silicate mantle and crust. These meteor-
ites provide an opportunity to investigate the evolution of
the earliest stage asteroids (e.g., Day et al. 2015), one of the
most important processes in the early solar system. Simul-
taneously, brachinite is an ultramafic group and is also the
most oxidized group among primitive achondrites (Righter
et al. 2016). Consequently, it provides an opportunity to
investigate the evolutionary pathway of oxidized asteroid
parent bodies.

Brachinites have a near-chondritic mineral abun-
dance and mineral assemblage (e.g., Gardner-Vandy
et al. 2013). Brachinites are mainly composed of olivine
(~71%-96%, ~ Fa,;_s¢), with a significant amount of clino-
pyroxene (minor to~ 15 vol%, ~Enyq 3, W036 45) and pla-
gioclase (0-10 vol%, An;s_s3), and the minor minerals
include trace amounts of orthopyroxene (none to ~20 vol%;
Enyg 63, Wos6_45), Fe-sulfides (trace to ~7 vol%), chro-
mite (none to ~5 vol%), phosphates (none to ~3 vol%) and
metallic Fe-Ni (trace to ~2 vol%) (Keil 2014). Olivine in
brachinites commonly displays triple junctions and exhib-
its medium- to coarse-grained textures, with sizes ranging
from~0.1 to 1.5 mm (e.g., Krot et al. 2014). Siderophile
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element abundance patterns of brachinite range from ~0.01
to~0.9 CI, while brachinites exhibit near-chondritic deple-
tion in lithophile element abundance, such as Al, Ca, Rb, K,
Ba, Na and LREE (e.g., Day et al. 2012). Generally, the bulk
composition of brachinites is similar to that of chondrites,
but their structure resembles that of achondrites.

The origin hypothesis of brachinites is still debated. The
high CaO content of olivines in brachinites suggests that
brachinites are igneous rocks derived from a differentiated
asteroid (Mittlefehldt et al. 2003). However, several studies
mentioned that brachinites represent partial melting residu-
als of the parent body due to their high siderophile elements
abundance (e.g., Day et al. 2012). The crystallographic pre-
ferred orientation of olivines in several brachinite samples
pointed to mineral accumulation, which also suggested that
the brachinites were formed by partial melting, for example,
EET 99402/99407 and ALH 84025 (Mittlefehldt et al. 2003),
NWA 6112 and Divnoe #11 (Hasegawa et al. 2019).

The first brachinite (Brachina) was recovered in 1974, and
up to 21 July 2024, only 62 meteorites had been classified as
brachinite (Meteoritical Bulletin Database). The knowledge
of brachinites and their parent body requires more samples
to be constrained.

On October 27, 2019, a single meteorite weighing
2.54 kg was collected in the Kumtag Desert (coordinates:
41°16'9.20" N, 93°14'14.10" E). This meteorite was subse-
quently named Kumtag 061. In this paper, we classified it
as brachinite according to its petrography, mineralogy and
geochemistry features, and we also measured its noble gas
composition and investigated the cosmic exposure and ther-
mal histories. This data set provides a better understanding
of the possible impact and thermal events that happened on
the brachinite parent body.

2 Methods
2.1 Petrography, mineralogy and chemical composition

Petrographic analyses were carried out at the Institute of
Geochemistry, Chinese Academy of Science (IGCAS), Gui-
yang, China. We first observed one thin section by using a
Leica DM2700P optical microscope with both composite
plane-polarized and cross-polarized light. Subsequently,
we conducted petrographic and mineralogic investigations,
and we analyzed two polished thick sections using the FEI
Scio scanning electron microscope (SEM), with a voltage of
between 15 and 20 kV, an electron beam current between 1.6
and 3.2 nA and a working distance between 7.0-15.5 mm.
The modal mineral abundance was measured using the
Fiji application with different contrast ratios of different
minerals, adjusting the threshold to distinguish a specific
mineral and then calculating the area fraction. To avoid

misidentification (e.g., the near contrast ratios of troilite and
chromite), we calculate a selected area three times and then
take the average of three different areas as the modal mineral
abundance of the whole thin section.

Bulk major element composition was measured using a
Thermal Fisher ARL Perform’ X 4200 x-ray fluorescence
spectrometry (XRF) in IGCAS. The instrument is equipped
with OXSAS software and UniQuant program, and OXSAS
analyzation was operated at the excitation power of 60 kV
and 60 mA.

The mineral analyses for major element compositions
were conducted at the Guilin University of Technology
(GUT), Guilin, China. In situ mineral compositions (olivine,
pyroxene, plagioclase and chromite) were measured using a
JXA 8230 electron microprobe analyzer (EPMA), operated
at an accelerating voltage of 15 kV, an electron beam current
of 20 nA and 1-10 pm diameter.

Trace element contents were measured using a Thermal X
series 2 inductively coupled plasma mass spectrometer (ICP-
MS) equipped with a Cetac ASX-510 Autosampler from
Guizhou Tongwei Analytical Technology Co., Ltd. Initially,
the sample Kumtag 061 powder was digested (185 °C, for
72 h) in a Teflon crucible using 2 mL of 1:4 (v:v) HNO; and
HF solution; residuum was redissolved with concentrated
HNO;. Then, the sample was dried and redissolved with 2N
HNO;. This step was repeated twice. Eventually, the solution
was diluted to 1/4000 with 2% HNO;. The final solution was
then combined with internal spikes combined with 10 ppb
061Ni, 6 ppb Rh, In and Re (Tables 1, 2).

2.2 Noble gas

We prepared two parallel samples to analyze their bulk light
noble gas concentrations and isotopic composition, weighing
8.07 mg and 6.24 mg, respectively. Noble gas measurements
were carried out in the noble gas laboratory at the Institute
of Geology and Geophysics, Chinese Academy of Science
(IGGCAS), Beijing, China. The noble gas composition and
isotopic ratios were measured using the multiple collector
noble gas mass spectrometer Noblesse® from Nu Instru-
ments. The analytical procedures followed the same steps
as described previously in Ranjith et al. (2017). Samples
were first cleaned with ethanol in an ultrasonic bath, dried,
weighed and then loaded into the laser sample chamber of
the noble gas extraction and purification line.

Calibrations were carried out using standard gases,
which are of atmospheric composition except for He. The
He standard is the “He Standard of Japan” (HESJ), with
a *He/*He ratio of 20.6 0.1 Ra (Matsuda et al. 2002),
where Ra=1.4x 1079, representing the 3He/*He ratio of
air. Sensitivities and instrumental mass discriminations
were calculated based on the air measurements carried
out at the time when the samples were analyzed. Blanks
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Table 1 Bulk chemical composition of Kumtag 061

Element Abun- Method Element Abun- Method
dance dance
Liugg™h 1.1 ICP-MS Mo (ug 0.162 ICP-MS
g™
Na (ug 1320 XRF Sn (ug 0.063 ICP-MS
-1 -1
g) g)
Mg (%) 15.7 XRF Sb (ug 0.046 ICP-MS
g
Al (ugg™") 3933 XRF  Cs(ug 0.008 ICP-MS
g™
Si (%) 16.2 XRF  Ba(ug 7.1 ICP-MS
gh
Pugg™ 510 XRF  La(ug 0.039 ICP-MS
g™
Sugg™) 10465 XRF  Ce (ug 0.082 ICP-MS
g™
Kugg™" 182 XRF Pr(ugg™") 0.006 ICP-MS
Ca (ug 9798 XRF Nd (ug 0.037 ICP-MS
-1 -1
g) g7)
Sc(ugg™) 10.1 ICP-MS Sm (ug 0.016 ICP-MS
g™
Ti(ugg™) 119 XRF  Eu (ug 0.017 ICP-MS
g™
Vgegh 83 ICP-MS  Gd (ug 0.026 ICP-MS
-1
g)
Cr(ugg™!) 4483 XRF  Tb (ug 0.006 ICP-MS
g™
Mn (ug 2764 XRF Dy (ug 0.039 ICP-MS
-1 -1
g) g)
Fe (%) 22.7 XRF  Ho (ug 0.009 ICP-MS
g™
Co (ug 334 ICP-MS Er (ugg™) 0.028 ICP-MS
-1
g)
Ni (ug g™ 2078 XRF  Tm (ug 0.005 ICP-MS
gh
Cu (ug 20.2 ICP-MS  Yb (ug 0.042 ICP-MS
-1 -1
g) g)
Zn (ug 329 ICP-MS Lu (ug 0.009 ICP-MS
-1 -1
g) g)
Ga (ug 3.6 ICP-MS Hf (ug 0.006 ICP-MS
-1 -1
g) g)
Rb (ng 636 ICP-MS Ta (ug 0.016 ICP-MS
-1 -1
g) g)
Sr(ugg™) 13.6 ICP-MS Pb (ug 0.385 ICP-MS
-1
g)
Y (ugg™h 0.243 ICP-MS Th (ug 0.012 ICP-MS
-1
g)
Zr (ug g~ 0.168 ICP-MS U (ugg™) 0.044 ICP-MS
Nb (ug 0.134 ICP-MS
-1
g)

were frequently measured using the exact same extraction
procedure as for the samples throughout the entire process.
Therefore, the total amount of extracted gases was subse-
quently used for the blank. The following calculation was
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carried out based on the chemical composition of Kumtag
061.

The mass, noble gas concentrations and isotopic ratios
of two duplicates (Kumtag 061-1 and Kumtag 061-2) of
Kumtag 061 are presented in Table 3. The data were cor-
rected for blanks, instrumental mass discrimination and
interferences. The uncertainties regarding isotopic ratios are
considerably smaller compared to those for isotopic con-
centrations because of optimization of the noble gas mass
spectrometer. The uncertainties here are assumed to be in the
range of 5%. We calculated the gas retention age based on
the radiogenic composition concentration. The given uncer-
tainty on T, is 1 SD. Considering the individual uncertain-
ties of U and Th composition, which produced radiogenic
“He, the uncertainties regarding the gas retention ages are
taken as ~20% for 7.

2.3 Oxygen isotope

The bulk oxygen isotopic compositions of Kumtag 061
were measured at the Oxy-Anion Stable Isotope Consor-
tium, Louisiana State University (OASIC, LSU), using the
same method as reported in Li et al. (2011, 2018, 2021). The
standard we used to calculate oxygen isotope composition
is V-SMOW (Vienna-Standard Mean Ocean Water). The
measurements of silicate standards were NBS-28, UWG-2
and San Carlos olivine, with > 0.20%o reproducibility for
5'%0 and <0.010%o for A’'’0O (Cowie and Johnston 2016).
The 6'7 80 and A’'70 are calculated by:

(17’180/16O)Sa.m le
817 180(%0) = = 1] x 1000
(17’180/160)v75M0w
17 18
AV 0(%o) = lOOO[ln (1 + %) —0.5305 x In (1 + (130()(()))

3 Result

3.1 Petrography, mineralogy and geochemical
composition

Kumtag 061 was covered by a gray-black fusion crust
(Fig. 1). The section of Kumtag 061 shows a cataclastic
texture, with olivine (79.0 vol%) as the main phase and rela-
tively high abundance of pyroxene (8.5 vol%), troilite (7.7
vol%) and minor plagioclase (3.4 vol%), chromite. Fractures
and darkening can be observed (Fig. 2a). Silicates (olivine,
pyroxene and plagioclase) show obvious mosaic extinction
and wavy extinction (Fig. 2b). Inclusions can be observed
in most minerals. Only a few plagioclase grains contain
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Table 2 Average compositions of minerals in Kumtag 061 analyzed by EPMA; the unit is wt% for oxides

Olivine Pyroxene Pyroxene Chromite Plagioclase
(High-Ca) (Low-Ca)

Avg (12) SD Avg (29) SD Avg (8) SD Avg (14) SD Avg (26) SD
Na,O <0.04 027  0.08 0.04 0.02 0.05 0.05 727  0.28
SiO, 37.53 0.19 54.61  0.57 55.61 0.30 0.06  0.07 60.87 1.46
Al,03 <0.04 051  0.29 0.21 0.03 10.09 035 23.56  1.04
MgO 32.07 0.28 1644  1.83 25.04 053 359 030 051  0.39
CaO 0.04 0.03 20.19 394 1.39  0.49 0.04  0.12 6.61 0.37
Cr,04 <0.04 <0.04 <0.04 55.83 1.14 0.05 0.20
P,05 0.05 0.02 <0.04 <0.04 <0.04 <0.04
MnO 0.35 0.12 0.19  0.07 0.36 0.06 040  0.06 <0.04
K,0 <0.04 <0.04 <0.04 <0.04 0.10  0.01
FeO 31.48 0.28 845 221 18.82 0.34 2924 0.82 140 1.25
TiO, <0.04 0.11  0.04 <0.04 1.00  0.10 <0.04 0.02
NiO <0.04 <0.04 <0.04 0.02  0.02
Total 101.58 0.34 100.81  0.77 101.54 046 10032 0.85 10044  1.15
Fa 355 04 Fs 13.3 34 28.8 0.6 Cr/(Cr+ Al) 0.8 0.0 An 332 1.7
Fo 64.5 04  Wo 40.7 8.0 2.7 1.0 Fe/(Fe+Mg) 0.8 0.0 Ab 66.1 1.7
Fe/Mn 74.9 25.8 En 46.0 4.8 684 1.1 Or 0.6 0.1
Only one Cr,05 content value of olivine in Kumtag 061 was detected
The ‘<0.04’ stands for lower than the limit of detection
Table 3 Analyzed mass of the studied samples and their He, Ne and Ar concentrations and isotopic ratios
Samples Mass He SHe/*He 20Ne 20Ne/**Ne 2INe/**Ne BAr A8 Ar YOArOAr

(mg) (107 8cm? (10 8c¢m? (10~ 8cm?
STP/g) STP/g) STP/g)

Kumtag 061-1 8.07 92.61+4.63  0.097+0.001 17.06+0.85  0.850+0.004 0.950+0.050 2.10+0.11 2.867+0.005 174+9
Kumtag 061-2 6.24 99.64+4.99  0.183+0.005 17.19+0.86  0.839+0.004 0.935+0.034 3.64+0.18 2.919+0.005 209+10

inclusions. The inclusion minerals contain olivine, pyroxene,
plagioclase and troilite; these are mainly tiny troilite grains
(details are described in the following text). Some enclosed
minerals preserve their igneous texture, while others show
an embayed texture or appear as tiny blebs (Fig. 3a).

Most olivines present as fine-grained assemblages
(~10-15 pum), with fractures cut through olivine grains
(Fig. 2b). According to the mineral composition listed
in Table 2 (hereafter the same), the Fa content of olivine
(Fasy g 36 ) is similar to that of the brachinite group meteor-
ites (Fa,q_37, Keil 2014). Fe/Mn ratios (65.3—-84.5) are within
the average range of the brachinite (59.0-81.3, Keil 2014),
with three relatively higher Fe/Mn ratios (91.4, 96.4 and
98.7 respectively). The CaO content of olivines varies from
0.02 to 0.11 wt%, with an average of 0.04 wt%.

Pyroxenes in this sample primarily present as high-Ca
pyroxene (Fs 5 537, Engz 3 ;5 and Wo,, g 45 5) and a small
number of low-Ca pyroxene grains (Fsyg 3 59 4, Engg 9.9 and

Wo, ; 5). Low-Ca pyroxene mainly presents as anhedral
grains, and high-Ca pyroxene presents as both subhedral and
anhedral grains. The sizes of pyroxene grains vary from~50
to~200 pum, and the sizes do not correlate with grain shapes.
Subhedral pyroxene grains maintain igneous straight crystal
boundaries (Fig. 3a); simultaneously, anhedral grains show
an embayed texture (Fig. 3a) and a lenticular-shaped texture
(Fig. 3a), also presenting as elongated grains (Fig. 3a, b).
All three shapes of pyroxenes have inclusions inside, and
the compositions of these inclusions are olivine, plagioclase
and troilite.

Plagioclases present as subhedral to embayed textured
grains and elongated grains (Fig. 3a, ¢), with An,g, 35
Abg; g 701 and Or 5 5. The grain size range of plagioclases
is also relatively large, varying from ~0.5 to ~200 pm. Only
a few enclosed grains are found in plagioclase.

Chromium content (Cr,05) in chromite varies between
54.17-57.56 wt%, the average Cr/(Cr+ Al) ratio is 0.8, and
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Fig.1 The location in Kumtag Desert, Xinjiang Province, China,
where Kumtag 061 was collected. The surface of this meteorite was
covered by a black fusion crust

the average Fe/(Fe +Mg) ratio is 0.8. Chromite usually pre-
sents as ~ 30 to~ 100-um subhedral grains. Most chromite
grains grow with troilite (Fig. 3a, d).

Troilites mostly exist as tiny spherical or hemispherical
grains (~0.1-0.5 um), pervade throughout the whole thin
section and fill the fractures between minerals exhibiting a

grid-like structure (Fig. 3a). Some relatively large irregu-
lar grains (~ 10 to~ 100 um) are also present, and some
have been affected by terrestrial weathering (Fig. 3e). Sev-
eral large troilite grains present with chromite (Fig. 3d).
Thin troilite veins cut through several pyroxene and pla-
gioclase grains; simultaneously, some veins are blocked
by mineral grains (Fig. 3a).

The bulk chemical composition is shown in Table 1.
The bulk composition of Kumtag 061 is 34.60 wt% SiO,,
32.51 wt% Fe,05 and 26.11 wt% MgO, with low Al,O4
(0.74 wt%). The element results are normalized with CI
chondrite and magnetism; the normalized pattern is shown
in Fig. 4. Compared to other brachinite samples, Kumtag
061 has a relatively low rare earth element (REE) abun-
dance. The La/Yb ratio is 0.93, and the Nb/Ta ratio is
8.65. The REE pattern of Kumtag 061 whole rock shows
enrichment of Eu and slight enrichment of heavy rare earth
elements (HREEs). The abundance of Ba (7.09 ppm) and
Pb (0.385 ppm) of Kumtag 061 is also relatively low.

3.2 Oxygen isotopes

The average bulk oxygen isotope composition of
three parallel Kumtag 061 samples is as follows:
580 composition is 5.086%0 +0.20%o¢, 5'’0 compo-
sition is 2.396%0 + 0.15%0, and A’'70 composition
is —0.298%0 +0.010%o. Errors here are SE represented
by long-term standard reproducibility.

Fig. 2 Optical microscope photo of Kumtag 061. a Composite plane-polarized light image of Kumtag 061 shows obvious shock darkening fea-
tures. Olivines present a slight interference color; therefore, this thin section was not polished on both sides. b Composite cross-polarized light
image of the thin section of Kumtag 061. Olivine and plagioclase show mosaic extinction and wavy extinction
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Fig. 3 Backscatter electron
(BSE) images of Kumtag 061.
a Olivines present as a large
gray area. Troilites form grids
in cracks, and thin veins cut
through the mineral grains, also
presenting as tiny spherical or
ellipsoidal grains. Olivine, pla-
gioclase and troilite grains were
enclosed in a pyroxene grain,
and these inclusion minerals
also enclosed other minerals.
Lenticular-shaped pyroxene ¢
grains can be observed. The
boundaries of minerals, for
example, pyroxene, show
embayed texture; simultane-
ously, several grains show
relatively straight boundaries
and maintain an igneous texture.
The elongated pyroxene and
plagioclase grains are marked
by dashed boxes. b Elongation
of pyroxene grains, tiny troilites
scattered within. ¢ Plagioclase
shows elongated features, with
a small amount of enclosed
troilites. d Chromite grain and
weathered troilite. e Weathered
troilite grain. Px. pyroxene,

Pl plagioclase, Tro. troilite,

Chr. chromite

Lenticqla[;sha/ged \ ~

L

3.3 Noble gases and chronology

We measured the concentration and isotopic ratios of the
light noble gases (He, Ne and Ar) in Kumtag 061 and sub-
sequently calculated its cosmic ray exposure (CRE) age and
gas retention age.

For the component deconvolution, we make the follow-
ing assumptions: (1) *He is assumed to be entirely cosmo-
genic; (2) the total “He composition is the sum of radio-
genic “He (*He,,;) and cosmogenic “He (*He,,,), with the
assumption (*He/*He),, is~5 (Eugster and Michel 1995);

Ccos

. /" ’ P ) A

B bour}daries :

(3) for neon, we adopt a cosmogenic (*°Ne/*’Ne)_, ~0.80,
(**Ne/**Ne),, ~9.80 and (*'Ne/*’Ne),, ~0.029; (4) for argon,
we adopt (°Ar/*Ar),,=5.32 and (*°Ar/*Ar),,=0.65; (5)
different trapped noble gas components are assumed to be
air. The results are shown in Table 4.

We calculate the cosmic ray exposure (CRE) ages T3, T,
and T4 based on the concentration of cosmogenic *He,,,
?INe,,, and ®Ar, , respectively. To account for uncertain-
ties in the calculation of production rates and the chemi-
cal composition of the sample, a 15% error was applied to
all CRE ages. For clarity, we add parentheses to the CRE

@ Springer
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Brachina
Eagles Nest

@ Kumtag 061
©® LEW 88763

@ Reid 013-1
©® Reid 013-2

@ Hughes 026
NWA 4872

@ NWA 6874
NWA 7499

Fig. 4 Bulk chemical composition of Kumtag 061, normalized to magnesium and CI chondrites [composition given by McDonough and Sun
(1995)]. Data sources are: Hughes 026 and Reid 013 (Goodrich et al. 2010); Brachina (Johnson, 1977; Nehru et al. 1983); Eagle’s Nest (Swindle
et al. 1998), NWA 6874 and NWA 7499 (Nicklas et al. 2023), LEW 88763 (Day et al. 2015); NWA 4872 (Hyde et al. 2014). The Mg abundance
of NWA 4872 is the average MgO in the primary mineral phase (olivine, pyroxene, Cr-spinel, chlorapatite and merrillite), calculated from the

data in Hyde et al. (2014)

Table 4 Cosmogenic He, Ne and Ar concentrations (in 1078 cm?® STP/g) and isotopic compositions. Measured “°Ar is assumed to be the sum of

radiogenic and trapped components

Samples He,,,=He,, “‘He, “He, 2INe,os (**Ne/#'Ne).,,  *0Ar, BAT,o “OAr
(10 8cm? (107 8cm? (10 8cm? (10" %cm? (107 8cm? (107 8cm? (10 8%cm?
STP/g) STP/g) STP/g) STP/g) STP/g) STP/g) STP/g)
Kumtag 061-1 92.61+4.63  952+48 489 +24 19.07+0.95  1.049+0.001 0.737+0.037 1.133+0.057 1048 +52
Kumtag 061-2 99.64+4.99  571+29 72.5+3.6 19.15+£0.96  1.066+0.001 1.251+0.063 1.924+0.096 2221+111

ages, which are considered doubtful, primarily because of
the heterogeneity in the distribution of the target elements
to produce **Ar (such as Fe, Ni and Ca). The average T, T,
and Tg age of Kumtag 061 is 39.4+5.9 Ma, 60.0+9.0 Ma
and 42.8 + 6.4 Ma, respectively. The adopted CRE age (high-
lighted in bold) is the average of calculated 7,; CRE ages
(the details are explained in the discussion).

The gas retention T, is calculated based on the concen-
trations of radiogenic “He, which are 793 + 158 Ma and
125 +25 Ma, respectively (Fig. 5).

4 Disscussion

4.1 Kumtag 061 is influenced by a heavy impact event
and melting

The bulk oxygen isotope composition of Kumtag 061

(6"80 of 5.086%0, 670 of 2.396%0, A’'70 of —0.298%o)
is in the range of brachinites (6'30 from 2.37%o to 5.86%o,
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8'70 from —0.03%0 to 2.86%0, A’'7O from — 0.39%o
to — 0.09%o, according to Keil 2014) and also shows a
consistent 5'70/6'%0 trend with other brachinite samples
(Fig. 6). These features suggest that Kumtag 061 origi-
nates from the same parent body as other brachinites. Min-
eral abundance and mineral composition are also consist-
ent with Kumtag 061 being a brachinite. EPMA analysis
compositions of olivine, plagioclase, pyroxene and chro-
mite are similar to those of brachinites. The Fa value of
olivine (34.8-36.2 mol%), Fs value (10.5-23.7 mol% for
high-Ca pyroxene and 28.3-29.4 mol% for low-Ca pyrox-
ene), En value (43.3-61.5 mol% for high-Ca pyroxene
and 66.0-69.9 mol% for low-Ca pyroxene) and Wo value
(14.8-45.5 mol% for high-Ca pyroxene and 2.1-5.1 mol%
for low-Ca pyroxene) of pyroxene and An value of plagio-
clase (29.2-35.6 mol%) are in the range of typical brachin-
ite values (olivine Fa,; ;;; orthopyroxene Engqg_ 74, Wo,_4,
clinopyxroxene En,q 43, W04 45; plagioclase Ang 4y,
according to the summary in Keil 2014). The bulk molar
FeO/MnO ratio is 80.8, and the bulk molar FeO/MgO ratio
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Fig. 5 Modal mineral composition of brachinites (vol%). The modal
abundance of pyroxene was calculated as the sum of clinopyroxene
and orthopyroxene. Pyroxene, plagioclase and sulfides of several
samples do not appear in this figure, because their compositions are
described as minor, rare, trace, present and none. Sulfide in Eagle’s
Nest is the sum of Fe sulfides, oxides and ~5% altered materials. Data
source: ALH 04925 (Warren and Kallemeyn 1989), Brachina (Nehru
et al. 1979), Eagle’s Nest (Kring and Boynton 1992; Swindle et al.
1998), Hughes 026 (Nehru et al. 1996), LEW 88763 (Swindle et al.
1998), NWA 3151 (Gardner-Vandy et al. 2013), NWA 4872 (Rumble
et al. 2008), NWA 6874 (Ruzicka et al. 2014) and NWA 7499 (Ruz-
icka et al. 2015)
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Fig. 6 The bulk oyxgen isotopic composition (530 versus. 5'70) of
Kumtag 061. Data source is Greenwood et al. (2012). EATG residu-
als are brachinite samples leached with an ethanolamine thioglycolate
solution to eliminate the terrestrial weathering products. The dashed
line represents the oxygen isotopic fractionation trend of brachinites

is 0.6, showing chondritic features (Goodrich and Delaney
2000).

Kumtag 061 shows heavier shock-induced features. Oli-
vine presents mosaic extinction, wavy extinction and obvi-
ous shock darkening (Fig. 2a). Troilite is present in grids
in the fractures between olivines (Fig. 3a), which were
caused by impaction. Several troilites are irregular with

larger granularity; most troilites in Kumtag 061 are present
as tiny spherical or ellipsoidal grains (Fig. 3a), formed by
impaction-induced decomposition and gasification and then
condensed in the release progress (e.g., Rubin 2002; Li et al.
2021). The relatively low content of enclosed troilites in
plagioclase may be due to the melting point of plagioclase.
These phenomena can also give information about the pro-
cess by which Kumtag 061 was affected by a heavy impact,
which is not common in brachinite samples. We semi-
quantitatively justify that the shock stage of Kumtag 061
reached S4-S5 according to the mosaicism of olivines and
shock darkening (Stoffler et al. 1991). Though the plagio-
clase in EET 99402 and EET 99407 (a pair of brachinites)
was shocked to maskelynite (Mittlefehldt et al. 2003), the
shock-caused feature in these samples was not remarkable
in Kumtag 061.

Despite the impact-melt features, Kumtag 061 also indi-
cates possible early-stage melting. The formation mecha-
nism of brachinites remains debated. Two mechanisms
are generally evoked: partial melt residues (e.g., Day et al.
2012) and olivine accumulation (e.g., Hasegawa et al. 2019;
Meunier-Mili et al. 2024). As primitive achondrites, the resi-
dues result from low-degree melting of the brachinite par-
ent body. Igneous fractionation features usually present as a
near-constant Fe/Mn ratio and a wide range of Fe/Mg ratios
(Goodrich et al. 2017), the molar Fe/Mn ratio of Kumtag
061 is 65.4-96.9, and molar Fe/Mg is 0.2, suggesting low
degrees of melting within this sample (e.g., Goodrich et al.
2017). The embayed texture of minerals (Fig. 3a) pointed to
melting and recrystallization. Elongation of pyroxene and
plagioclase (Fig. 3a—c) also points to melting, represent-
ing possible migration of the melt. The CaO contents in
olivine (0.02-0.11 wt%, with an average of 0.04 wt%) are
relatively lower than in other brachinites (with an average
of 0.15 reported by Mittlefehldt et al. 2003), indicating that
it may be the result of limited melt migration (Goodrich
et al. 2017). The relatively low CaO content in the olivines
of Kumtag 061 may be due to the activity of large-ion litho-
phile elements (LILEs), and calcium tends to enter the melts.
Low CaO content represents metamorphic/melt-residue
olivines (Mittlefehldt et al. 2003). Brachinites show different
degrees of aluminum depletion (Keil 2014). The Al abun-
dance in Kumtag 061 (Fig. 4) may also be affected by melt-
ing migration, causing a relatively intense depletion of alu-
minum. The deplted REE composition also supports Kumtag
061 as a partial melting residue. Kumtag 061 also shows the
same trend as NWA 4872 and NWA 6874 (Fig. 4), which
are classified as a residuum after partial melting (Hyde et al.
2014; Nicklas et al. 2023). These phenomena suggest that
Kumtag 061 has experienced a melting progress and melt
migration, which may be caused by earlier impact events,
simultaneously, still representing the residue of partial melt-
ing caused by geochemical features.
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4.2 Cosmic ray exposure age of Kumtag 061

Cosmic rays produce cosmogenic noble gas nuclides (e.g.,
He, ?'Ne and 38A1r) on the surface of celestial bodies, which
accumulate over time. Consequently, the concentration of
cosmogenic noble gases can be used to calculate the time
when small meteorites were ejected from their parent bodies,
the so-called cosmic ray exposure (CRE) age.

The two duplicates have Ne ratios that are almost purely
cosmogenic, i.e., with only a small contribution from a
trapped component (here assumed to be air) (Fig. 7). We
ruled out the presence of solar wind (SW), Q and P3 and
only considered a binary mixture of cosmogenic and trapped
(air) components. Due to the lack of specific equations for
calculating the production rates of brachinites, we calcu-
lated these CRE ages according to the chemical composition
of Kumtag 061 and the calculation method of production
rate systematics in Eugster (1988) and Eugster and Michel
(1995). The CRE ages (75, T,, and Tsg) of Kumtag 061
are reported in Table 5. The T5/T), ratio is in the range of
0.63-0.68. This ratio indicates an apparent depletion of *He
after the ejection of Kumtag 061 from its parent body. In
addition, troilites are also affected by terrestrial weather-
ing, which may therefore influence the amount of *He. The

Fig. 7 Neon three-isotope plot 16

Table 5 Nominal cosmic ray exposure (CRE) ages (73, T, and T3g)

of Kumtag 061 based on cosmogenic *He,,, 2'Ne,,, and **Ar,, con-

centrations, respectively

Samp]es T3 T21 T38 Tadopted
(Ma) (Ma) (Ma) (Ma)

Kumtag 061-1 379+57 59.9+9.0 (25.2+£3.8)

Kumtag 061-2 40.8+6.1 60.1£9.0 428+6.4

Adopted CRE age 39.4+5.9 60.0+9.0 428+64 60.0+9.0

Cosmic ray exposure age was calculated based on the chemical com-
position of Kumtag 061, and the equation used to calculate the pro-
duction rate was according to P; (Cressy and Bogard 1976), the equa-
tion for P, was described in Eugster (1988) and P55 (Eugster and
Michel 1995)

cosmogenic argon concentrations are significantly different
in both duplicates (see Table 4), resulting in variations of
the calculated T5g. Though noble gases experience possi-
ble diffusion loss both on the surface of the earth and in
the space environment (e.g., Tremblay et al. 2014; Shuster
and Cassata 2015), we observe a good agreement between
3He and 2'Ne concentrations in both duplicates, suggesting
that the difference observed in *®Ar concentration may be
caused by a variation in the chemistry within the sample.

of Kumtag 061. The isotopic 0.95
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The variation in T3q is mainly influenced by the contents of
potassium and calcium (e.g., Freundel et al. 1986; Eugster
and Michel 1995), which are mainly contained in plagioclase
and pyroxene. As shown in Fig. 5, the modal composition of
plagioclase in Kumtag 061 is relatively low (though Kumtag
061 shows a bulk-positive Eu anomaly, which may be caused
by tiny and unobserved plagioclase grains, as described in
Nehru et al. 1983); this may be caused by a difference in the
target element compositions of samples. The measured *°Ar
concentration of the two duplicates confirms this assump-
tion. As shown in Fig. 7, the neon isotopic composition of
Kumtag 061 was barely affected by trapped neon. Therefore,
we adopt a CRE age of 60+9.0 Ma for Kumtag 061, based
on T5;.

Previous studies show that six peaks were identified
in the brachinite CRE age histogram, hence indicating
six major impact events on the brachinite parent body (at
approximately 4, 9, 25, 38, 50 and 65 Ma; details are shown
in Fig. 8). The calculated exposure age of Kumtag 061 is
approximately 60 Ma, with 15% uncertainty, which falls
within the range of CRE ages reported for Eagle’s Nest
(Swindle et al. 1998), EET 99402 (Patzer et al. 2003), NWA

4969, 4876 and NWA 4882 (Beard 2018). These meteorites
may be ejected from a series of impact events during the
time interval of 20 Ma.

4.3 Thermal history of Kumtag 061

Generally, the crystallization age of brachiniteS is consid-
ered to be approximately 4.5 Ga, though several samples
showed alteration due to impact, which may have caused a
relatively young crystallization age in the brachinite group.
The 3*Mn->*Cr age of Brachina is 4563.7 +0.9 Ma (Wadhwa
et al. 1998), whereas EET 99402 shows a *’Ar-*’Ar age of
4130460 Ma because of impact heating and degassing (Mit-
tlefehldt et al. 2003). According to the crystallization age
of brachinites and the petrologic features of Kumtag 061
(e.g., embayed texture), we suggest that this sample possibly
experienced melting and recrystallizing. These processes,
especially melting, would cause a loss of radiogenic noble
gas, which was enclosed in minerals. In this case, 7, and T
could be used to reveal the thermal history of the sample.
The gas retention age can constrain the upper limit of the

NWA 4882 —e—
NWA 4876 +—e—
Kumtag 061 —— + {
—e— NWA 4969
—e— EET 99402
L { Eagles Nest
——e—— Hughes 026
——e——INWA 6474
= NWA 4874
——=@—— LEW 88763
4 NWA 3151
He—ALH 84025
- Reid 013
l®l Brachina
® NWA 12573
1 1 1 | 1 1
0 10 20 30 40 50 60 70
CRE Ages (Ma)

Fig. 8 Cosmic ray exposure (CRE) age of brachinites. Here, we use T21 to represent the CRE age of the samples. The CRE ages of Brachina,
Reid 013, ALH 84025, LEW 88763, Hughes 026 and Eagle’s Nest are from Beard (2018), which recalculated the CRE ages using literature
values. The other data are from NWA 12573 (Smith et al. 2023), Brachia (Ott et al. 1985), Reid 013, Hughes 026 and EET 99402 (Patzer et al.
2003), ALH 84025 (Ott et al. 1993), NWA 3151, NWA 4874, NWA 6474, NWA 4969, NWA 4876 and NWA 4882 (Beard 2018), LEW 88763

and Eagle’s Nest (Swindle et al. 1998)
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thermal event when assuming that the radiogenic gas was
totally lost during melting.

We assumed the total “°Ar concentration is the sum of
trapped and radiogenic “°Ar to calculate the gas retention
age T,. After deducting the trapped *°Ar, the radiogenic
“0Ar is negative. Hence, it is not available for 7, calculation.

Except for radioactive uranium and thorium, radioactive
samarium may also affect the concentration of radiogenic
“*He. As we discussed before, Kumtag 061 is a possible par-
tial melting residuum, and the concentration of incompatible
elements is relatively low (e.g., Sm=156 ng g~'). Consider-
ing the abundance of radioactive '4’Sm and the low abun-
dance of plagioclase in Kumtag 061 (as shown in Fig. 5),
we proposed that radioactive Sm inconspicuously affects
the radiogenic “He concentration. For radiogenic *He,,,
the gas retention age 7, is 793 + 158 Ma and 125 +25 Ma,
respectively.

Noble gases are lost to different degrees because of the
different melting points of occurrence minerals in melting
events. As mentioned before, we assume that the measured
noble gases were reset after the melting events, i.e., radio-
genic noble gases produced prior to impact were totally lost
because of melting. Ideally, different radiogenic noble gases
should represent the same gas retention age, which indicates
that these noble gases were not lost or fully lost. However,
the different 7, in these two duplicates could be caused by
sample variation and also could be influenced by the loss
of helium during the exposure in space according to the
T,/T,, ratios (0.63-0.68). Therefore, the gas retention ages
of Kumtag 061 cannot represent a specific time node of ther-
mal events, only suggesting the thermal event happened on
the brachinite parent body before Kumtag 061 was ejected.

4.4 The preatmospheric size of Kumtag 061

Due to the high speed (~ 10-70 km/s) at which meteorites
enter the atmosphere of earth, friction generates heat which
in return causes severe ablation of meteorites, resulting
in 80%—-90% mass loss (Bhandari et al. 1980). By assum-
ing that this process is analogous to a symmetric ablation,
we can use the cosmogenic (**Ne/*!Ne),, as a proxy for
determining the preatmospheric size and for estimating the
shielding depth of Kumtag 061.

Here, we take the average (*Ne/*'Ne),, ratio of
1.0575+0.001 in Kumtag 061-1 (1.049+0.001) and
Kumtag 061-2 (1.066 +0.001). Based on the model predic-
tion of Leya and Masarik (2009), the radius range of Kumtag
061 can be calculated. The preatmospheric mass of Kumtag
061 is derived by using the equations from Bhandari et al.
(1980), which leads to an estimated mass of 171 +26 kg.
According to the average bulk density of brachinite (3.48 g/
cm?, Keil 2014), the preatmospheric radii of Kumtag 061
are calculated to be 23+ 1 cm.

@ Springer

The total mass of Kumtag 061 is 2.54 kg. According to
our calculation, this sample experienced a relatively serious
mass loss, only preserving approximately 1.5% recovered,
which may have led to the lack of paired samples or other
brachinite samples found in this area, which was subse-
quently reported by the meteorite hunters.

4.5 The inspiration for finding a brachinite in Kumtag
Desert

Desert areas are ideal meteorite-collecting regions due to
their special climate and geographic characteristics. About
30% of meteorites were collected from hot deserts (Drouard
et al. 2019). Hot desert meteorites also provide information
about the distribution of meteorite showers and the frag-
mentation process of bolide during atmospheric entry (e.g.,
Pourkhorsandi et al. 2019).

Kumtag Desert is located in the east of Xinjiang Prov-
ince, China. Aside from widely discovered ordinary chon-
drites, several rare categories of meteorites were also found
in Kumtag Desert, including one CO; chondrite (Shanshan
002), one EL7 chondrite (Baqgiangzi), one ureilite (Loulan
Yizhi 001), one eucrite (Yiwu 001), one diogenite (Lop
Nur 001) and the brachinite, Kumtag 061 (Fan et al. 2022).
Compared to other mature dense meteorite collection areas
(DCAs) in Northwest Africa, this area still lacks study.
According to the discoveries of these meteorites, in par-
ticular Kumtag 061, a brachinite sample, we suggest that the
Kumtag DCA, which is defined by the Meteoritical Society,
is of great interest for further meteorite collection work and
meteoritical research.

5 Summary and conclusions

The new brachinite Kumtag 061, which was collected in
the Kumtag Desert region in Xinjiang, China, was mainly
shaped by melting and impaction. Kumtag 061 shows mosaic
extinction, pervasive tiny troilite grains and thin troilite melt
veins, which indicate one or a series of heavy impact events
happened on the parent body of brachinites. These features
of Kumtag 061 suggest that the brachinite parent body suf-
fered a higher degree of impact than previously reported.
The embayed texture of silicate point melting, the relatively
low bulk Al content, CaO content in olivine and REE abun-
dance of Kumtag 061 indicate this sample represents a par-
tial melting residue of the brachinite parent body.

The CRE age of Kumtag 061 is 60.0 +£9.0 Ma, in agree-
ment with two of the peaks in the CRE age histogram of
brachinites. The T5/T,, ratio indicates that Kumtag 061 expe-
rienced cosmogenic *He (*He,,) loss after the sample was
ejected from its parent body. The preatmospheric radii of
Kumtag 061 are calculated to be 23+ 1 cm.
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